Background: Fluid percussion injury (FPI) in piglets produces vasoconstriction of pial arteries (PAs), decreases in cerebral blood flow (CBF), and impairment of hypotensive autoregulation. Two types of angiotensin II receptors, AT1 and AT2, have been identified in the brain. This study characterized the effect of pretreatment with AT1-and AT2-selective antagonists on CBF and hypotensive autoregulation after FPI.
TRAUMATIC brain injury (TBI) is one of the leading causes of mortality and long-term morbidity in adults and children. In infants, however, the consequences of head injury are particularly severe, and the clinical course is different from that of adults. Infants usually die of brain injury or remain neurologically impaired. 1 Fluid percussion brain injury (FPI) is an experimental model for blunt head trauma. 2 Although the effects of brain injury have been well documented in adult animal models, 3, 4 fewer data have been reported on the effects of brain injury on the brain circulation in the newborn or the mechanisms underlying such changes. For example, it has been shown that FPI in newborn pigs produces vasoconstriction of pial arteries and reduction of cerebral blood flow (CBF). 5 Angiotensin II (AII), one of the main hormones regulating cardiovascular and fluid homeostasis as well as angiogenesis, 6 is also present and locally produced in the brain. 7 Two types of AII receptor subtypes, AT1 and AT2, have been identified in the brain, based on their differences in pharmacologic and biochemical properties. 8, 9 The AT1 subtype is thought to mediate a wide variety of well-known effects of AII in the brain, such as regulation of cerebrovascular tone, thirst, and vasopressin release. 8 The effects of AT2 activation in the brain are less well understood. The density of AT2 is high in fetal brain tissue but rapidly declines in the postneonatal period. 10 However, brain ischemia and certain brain lesions have been shown to cause a dramatic up-regulation of AT2 receptor expression in the adult brain of several species. 11, 12 Interestingly, inhibition of angiotensin-converting enzyme or selective AT1 long-term blockade resulted in improved outcome in stroke patients 13 and in reducing the infarct volume after experimental focal cerebral ischemia. 14 Also, experimental stroke resulted in reduced ischemic injury in AT1-deficient, as compared to AT1-overexpressing, or wild-type mice. 15 These observations indicate that AII and AT1 receptor activation might act as significant contributors to the pathophysiology of ischemic brain injury. On other hand, AII might also play a protective role in brain ischemia. AII has been demonstrated to cause dilation of cerebral arterioles 16, 17 and to contribute to cerebral vasodilatation during hypoxia. 18 Infusion of AII and selective AT2 activation has been shown to decrease the mortality rate in gerbils with unilateral carotid ligation. 19 These opposing effects suggest a dual role for AII in the pathophysiology of ischemic brain injury.
The contribution of AT1 and AT2 receptor activation to cerebral hemodynamics after TBI have not been studied. A previous study 20 has shown that FPI increases the cerebrospinal fluid (CSF) concentration of AII and impairs AII-mediated cerebral vasodilation in newborn pigs. In addition, the results of this study indicate that FPI caused these changes via alteration in an AT1-mediated production of prostaglandins, whereas the impairment of AT2-mediated vasodilation was independent of prostaglandin metabolism. Therefore, this study was designed to characterize the effect of selective AT1 and AT2 blockade on pial artery hypotensive dilation, CBF, and hypotensive autoregulation after FPI in the newborn pig.
Materials and Methods
Newborn pigs (age, 1-5 days; weight, 1.9 -2.2 kg) of either sex were used in these experiments. All protocols were approved by the Institutional Animal Care and Use Committee (Philadelphia, Pennsylvania). Animals were anesthetized with isoflurane (1-2 minimum alveolar concentration [MAC]). Anesthesia was maintained with ␣-chloralose (30 -50 mg/kg, supplemented with 5 mg/kg intravenously each hour). A catheter was inserted into a femoral artery to monitor blood pressure and to sample for blood gas tensions and pH. Another catheter was placed in the left ventricle via the carotid artery for microsphere injection. Ligation of one carotid artery has no detectable effect on brain flow or its distribution in the normotensive or hypotensive piglet. 21 Drugs to maintain anesthesia were administered via a second catheter placed in a femoral vein. The trachea was cannulated, and the animals were mechanically ventilated with room air. A heating pad and a blanket were used to maintain the animals at 37-38°C.
A cranial window was placed in the parietal skull of these anesthetized animals. This window consisted of three parts: a stainless steel ring, a circular glass coverslip, and three ports consisting of 17-gauge hypodermic needles attached to three precut holes in the stainless steel ring. For placement, the dura was cut and retracted over the cut bone edge. The cranial window was placed in the opening and cemented in place with dental acrylic. The volume under the window was filled with a solution similar to CSF, of the following composition: 3.0 mM KCl, 1.5 mM MgCl 2 , 1.5 mM CaCl 2 , 132 mM NaCl, 6.6 mM urea, 3.7 mM dextrose, and 24.6 mM NaHCO 3 . This artificial CSF was warmed to 37°C and had the following chemistry: pH 7.33, partial pressure of carbon dioxide (PCO 2 ) 46 mmHg, and partial pressure of oxygen (PO 2 ) 43 mmHg, which was similar to that of endogenous CSF. Pial arterial vessels were observed with a dissecting microscope, a television camera mounted on the microscope, and a video output screen. Vascular diameter was measured with a video microscaler.
Cardiac output and regional blood flow distribution within the brain were measured using radioactively labeled microspheres. This method has been described previously. 22 Briefly, a known amount of radioactivity in 15-m microspheres (300,000 -800,000 spheres) was injected into the left ventricle, and the injection line was flushed with 1 ml saline. Withdrawal of reference blood samples was begun 15 s before microsphere injection and continued for 2 min after the injection. The reference withdrawal rate was 1.03 ml/min. After each experiment, the pig was killed, and the brain was removed and weighed. The brain was subdivided into major regions, and samples were counted in a gamma counter. The energy from each nuclide was separated by differential spectroscopy. Aliquots of the actual microsphere solutions injected were used for overlap calculations. The count in each milliliter per minute of blood flow was determined by dividing the counts in the reference withdrawal by the rate of reference withdrawal. Thus blood flow to any organ at the time of microsphere injection can be calculated as Q ϭ C ϫ R ϫ CR Ϫ1 , where Q is organ blood flow (in ml/min), C is the counts per minute in the tissue sample, R is the rate of withdrawal of the reference blood sample (in ml/min), and CR is the total counts in the reference arterial blood sample.
Methods for brain FPI have been described previously. 4 A device designed by the Medical College of Virginia was used. A small opening was made in the parietal skull contralateral to the cranial window. A metal shaft was sealed into the opening on top of the intact dura. This shaft was connected to the transducer housing, which was in turn connected to the fluid percussion device. The device itself consisted of an acrylic plastic cylindrical reservoir, 60 cm long, 4.5 cm in diameter, and 0.5 cm thick. One end of the device was connected to the transducer housing, whereas the other end had an acrylic plastic piston mounted on O-rings. The exposed end of the piston was covered with a rubber pad. The entire system was filled with 0.9% saline. Two brackets mounted on a platform supported the percussion device. FPI was induced by striking the piston with a 4.8-kg pendulum. Varying the height from which the pendulum was allowed to fall controlled the intensity of the injury (usually 1.9 -2.3 atm with a constant duration of 19 -23 ms). The pressure pulse of the injury was recorded on a storage oscilloscope triggered photoelectrically by the fall of the pendulum. The amplitude of the pressure pulse was used to determine the intensity of the injury.
Protocol
Two types of pial arterial vessels, small arteries (resting diameter 120 -160 m), and arterioles (resting diameter 50 -70 m) were examined. Pial artery vessel diameter was determined every minute for a 10-min exposure period after infusion onto the exposed parietal cortex of artificial CSF before hypotension and after the infusion of artificial CSF after the induction of hypotension. Typically, 5-8 ml CSF was flushed through the window over a 30-s period, and excess CSF was allowed to run off through one of the needle ports.
Seven types of experiments were performed in animals randomly assigned to groups (all n ϭ 6): (1) vascular responses and regional CBF (cerebral hemodynamics) during normotension and moderate and severe hypotension in the absence of FPI (sham control animals); (2) cerebral hemodynamics during normotension and moderate and severe hypotension after FPI (vehicle animals); (3) cerebral hemodynamics during normotension and moderate and severe hypotension after FPI in animals pretreated with the AT1-selective antagonist ZD 7155; (4) cerebral hemodynamics during normotension and moderate and severe hypotension after FPI in animals pretreated with the AT2-selective antagonist PD 123,319; (5) vascular responses to local application of AII and the AT2 agonist CGP 42112A before and after FPI in unpretreated animals; (6) vascular responses to AII and CGP 42112A after FPI in animals pretreated with the AT1 antagonist; and (7) vascular responses to AII and CGP 42112A after FPI in animals pretreated with AT2selective antagonist. Small arteries and arterioles were observed in each of these experimental groups. In FPI animals, responses were obtained before and 1 h after FPI, whereas such responses were obtained initially and then again 1 h later in the time-control animals. Pretreated animals received 1 mg/kg intravenous ZD 7155 (AT1-selective antagonist) or 0.5 mg/kg intravenous PD 123,319 (AT2-selective antagonist) 30 min before FPI. AII (10 Ϫ8 , 10 Ϫ6 M) and CGP 42112A (10 Ϫ8 , 10 Ϫ6 M) were applied topically on exposed parietal cortex before and 1 h after FPI. Because baseline pial vessel diameter changed as a result of the FPI intervention, data were calculated as the percent change from the baseline to normalize such differences.
Two levels of hypotension (moderate and severe) designed to lower blood pressure by approximately 25 and 45% were investigated. Moderate and severe hypotension was produced sequentially and was induced by rapidly withdrawing 5-8 or 10 -15 ml blood/kg. Such a decrease in mean blood pressure was maintained constant for 10 min by titration of additional blood withdrawal (1-5 ml) to keep arterial blood pressure from increasing and by blood reinfusion (1-5 ml) to keep pressure from decreasing. The percent changes in artery diameter values were calculated on the basis of the diameter measured in the control period before hypotension. Animals were anticoagulated before hemorrhage (1,000 U heparin).
Statistical Analysis
Pial artery diameter and CBF values were analyzed using analysis of variance for repeated measures. An ␣ level of P Ͻ 0.05 was considered significant. If the value was significant, the data were then analyzed by a Dunnett test with Bonferroni correction. Values are represented as mean Ϯ SD of the absolute values or as percent change from control.
Results

Role of the AT1 Receptor in Altered Pial Artery Dilation and Autoregulation of CBF during Hypotension after FPI
Induction of moderate and severe hypotension elicited reproducible graded pial small artery and arteriole dilation in newborn pigs in the sham control group (data not shown). Correspondingly, blood flow in the brain was reproducibly unchanged during moderate and severe hypotension in sham control animals (data not shown). Mean arterial blood pressure was 71 Ϯ 3, 53 Ϯ 2, and 40 Ϯ 1 mmHg for normotension, moderate hypotension, and severe hypotension, respectively. In contrast, pial artery dilation was blunted within 1 h after FPI ( fig. 1 ). On a percentage basis, FPI blunted pial small artery dilation in response to moderate and severe hypotension by 73 Ϯ 6 and 79 Ϯ 4%, respectively. There was no statistical difference in FPI-induced impairment of vascular responsiveness between pial small arteries and arterioles (data not shown). Regional CBF was unchanged during moderate and severe hypotension before FPI in vehicle-treated animals ( fig. 2 and table 1 ). However, after FPI, CBF in the cerebrum was reduced by 43 Ϯ 3% during normotension and further decreased by 38 Ϯ 5 and 55 Ϯ 3% (as compared to normotension) during moderate and severe hypotension, respectively ( fig. 2A ). There were similar changes in other areas of the brain (table 1) .
Systemic pretreatment with ZD 7155 (1 mg/kg intravenous) 30 min before injury partially restored hypotension-induced pial artery dilation, which was impaired after FPI ( fig. 1 ). On a percentage basis, pial small artery dilation was diminished only by 39 Ϯ 6 and 37 Ϯ 8% during moderate and severe hypotension, respectively. These values were significantly less than the respective values for untreated animals described above. Similar effects were observed in pial arterioles. Pretreatment with ZD 7155 also partially prevented the decrease in CBF observed after FPI in normotensive untreated animals (figs. 2A and table 1). Furthermore, ZD 7155 partially prevented the reduction of CBF during subsequent moderate and severe hypotension ( fig. 2A and table 1) . On a percentage basis, blood flow in the cerebrum after FPI was diminished only by 32 Ϯ 4% during normotension and further decreased by 19 Ϯ 2 and 27 Ϯ 5% compared to normotension during moderate and severe hypotension in pretreated animals. Such values were statistically different from those obtained in unpretreated animals. Similar partial protection was observed in other brain regions.
Role of the AT2 Receptor in Altered Pial Artery Dilation and Autoregulation of CBF during Hypotension after FPI
Systemic pretreatment with PD 123,319 (0.5 mg/kg intravenous) 30 min before injury did not restore hypo-tension-induced pial artery dilation impaired after FPI ( fig. 1 ). It also did not prevent the reduction in CBF observed in untreated normotensive animals after FPI ( fig. 2B and table 1 ). Impairment of hypotensive autoregulation observed after FPI in untreated animals was also unaffected by systemic administration of PD 123,319 ( fig. 2B and table 1 ).
Influence of Systemic Pretreatment with ZD 7155 and PD 123,319 on AII-and CGP 42112A-induced Vasodilation
Systemic pretreatment with ZD 7155 (1 mg/kg intravenous) effectively blocked pial artery and arteriole dilation to topical AII (10 Ϫ8 , 10 Ϫ6 M) after FPI ( fig. 3 ). However, it did not blunt pial vasodilation elicited by topical application of the selective AT2 agonist CGP 42112A (10 Ϫ8 , 10 Ϫ6 M) after FPI ( fig. 4 ). Systemic pretreatment with PD 123,319 (0.5 mg/kg) effectively blocked pial vasodilation caused by topical application of CGP 42112A (10 Ϫ8 , 10 Ϫ6 M) after FPI ( fig. 4 ). Conversely, it did not blunt pial dilation elicited by topical application of AII (10 Ϫ8 , 10 Ϫ6 M) ( fig. 3 ). Pial artery diameter data before FPI (control) and after FPI were previously published. 20
Blood Chemistry
Blood chemistry values were obtained at the beginning and end of all experiments. These values were 7.48 Ϯ 0.05, 33 Ϯ 5, and 99 Ϯ 8 versus 7.45 Ϯ 0.05, 33 Ϯ 2, and 97 Ϯ 8 mmHg for pH, PCO 2 , and PO 2 , respectively. Such values were not statistically different from one another. There were also no group differences. The amplitude of the pressure pulse, used as an index of injury intensity, was equivalent in all groups (2.0 Ϯ 0.1 atm).
Discussion
The results of this study indicate that selective blockade of the AT1 and not the AT2 receptor diminishes the reduction in hypotensive pial artery dilation observed within 1 h after FPI in the newborn pig. Correspondingly, AT1-selective blockade partially restored diminished CBF during normotension and alleviated further decreases in CBF observed during induced hypotension after FPI. Thus, these data suggest that AT1 receptor activation by AII in the brain of the newborn pig contributes to cerebral hypoperfusion and impairment of hypotensive cerebral autoregulation after FPI. Because similar effects were observed in pial small arteries and arterioles, these data suggest that there are minimal regional vascular differences in the effects of AII and selective AII agonists.
Traumatic brain injury results in a very high morbidity and mortality in all age groups, with enormous human and economic impact. 23 However, the consequences of severe TBI are especially grave in newborns and infants. 1 Earlier reports indicate that cerebral hypoperfusion after TBI frequently produces inadequate CBF, resulting in secondary ischemic brain injury. 24, 25 The adverse effects of even mild systemic hypotension on outcome after TBI have been documented. 26 Systemic hypotension is present in 15-30% of patients with severe head injury. 26 In recent years, the understanding that posttraumatic impairment of cerebral vasodilatory responses might be a major contributor to secondary brain injury drew greater attention to the issue of optimal management of cerebral hemodynamics after TBI. 27 Whereas some investigators emphasized the effectiveness of aggressive cerebral perfusion pressure support, 28 others explored the ways to restore the impaired cerebral vasodilation. 29, 30 However, few studies have examined the mechanisms for posttraumatic impairment of cerebrovascular responses or therapeutic strategies aimed at these derangements in the newborn. The current study in combination with our previous report, 20 suggest that AII acting via AT1 and AT2 receptors in the brain vasculature may play a significant role in the posttraumatic impairment of cerebral hemodynamics in the newborn. These data suggest that AT1 receptor blockade may present an important avenue in developing therapeutic strategies directed at prevention and alleviation of secondary brain injury after severe TBI.
To reproduce the biomechanical effects of closed head injury in the newborn, the lateral FPI model was used. Diffuse TBI and diffuse cerebral swelling are more common in children than in adults, 31 and the lateral FPI technique is thought to mimic the shaken impact syndrome, an example of child abuse-related head injury. 2 It was observed in the previous studies that FPI was associated with pial artery vasoconstriction and reductions in CBF in newborn and juvenile pigs. 5 In addition, FPI significantly diminishes hypotensive pial vasodilation. Correspondingly, FPI impairs normal cerebral autoregulation, resulting in decreases in CBF in response to hypotension. 3, 32 Interestingly, these effects were more pronounced and lasted longer in the newborn than the juvenile pig. 32 The results of the current study are consistent with previous observations regarding the effects of FPI on hypotensive cerebral responses in the newborn pig.
In a previous study, 20 we demonstrated that topically applied AII elicited pial artery dilation in the newborn pig, which was consistent with reports by other investigators. 17 This vasodilation seemed to be dependent on release of dilator prostaglandins. 16, 17, 20 However, the effects of AII on cerebral vessels are not uniform. AII has been reported to display vasoconstricting and vasodilating properties, depending on the species, size, and location of the vessel investigated and method of AII administration. 16, 17, [33] [34] [35] The difference in the cerebrovascular responses to AII reported in the literature might be partially accounted for by variation between species and experimental methods. However, sufficient evidence exists in the literature that indicates that the heterogenicity of AII-induced vascular responses could be explained by activation AT1 and AT2 receptors. These two distinct populations of AII receptors have been shown to have different function and distribution in the brain, which greatly varies with age. 10 In our previous report, we showed that both AT1 and AT2 receptor activation produced pial artery dilation in newborn pig. 20 However, AT2 contributed significantly to AII-induced vasodilation only at high, pathophysiologic concentrations, whereas at lower, physiologic concentrations, AII produced vasodilation mainly via activation of AT1 receptor. 20 In that study, we had also shown that FPI impairs vascular responses caused by activation AT1 and AT2 receptors. Accentuated release of the constrictor prostaglandin TXA2 coupled with blocked release of the dilator prostaglandin PGI2 after FPI contributed to posttraumatic impairment of the AT1 activation-induced vasodilation. However, blunted vasodilation in response to AT2 activation was independent of CSF production of prostaglandins. These differences might explain the results of the current study, in which selective blockade of AT1 and not AT2 receptors led to attenuation of posttraumatic impairment of cerebral hemodynamics in newborn pigs.
Additional experiments were designed to determine the specificity and efficacy of the chosen systemic doses for AT1-and AT2-selective antagonists, ZD7155 and PD 123,319, respectively. We have shown previously that ZD 7155 and PD123,319 had selectively blocked AII (predominantly AT1 agonist at chosen concentrations)and CGP 42112A (selective AT2 agonist)-induced vasodilation, respectively, in uninjured pigs. 20 However, it was not clear whether after brain injury these systemically administered AII antagonists would preserve their subtype selectivity on AII vascular activity. Consistent with our previous report, FPI blunted AII (10 Ϫ8 , 10 Ϫ6 M)-induced cerebral vasodilation. This vasodilation was completely blocked by systemic pretreatment with ZD 7155 but not with PD 123,319. On other hand, systemic pretreatment with PD 123,319 and not with ZD 7155 nearly completely blocked CGP 42112A-induced cerebral vasodilation. These results indicate that ZD 7155 and PD 123,319, administered selectively in the doses reported, were efficacious and selective in antagonizing cerebral vascular activity of AII after FPI. Topical AII in these experiments could interact with receptors on neurons or endothelial or vascular smooth muscle cells. However, the current experimental paradigm does not allow for any conclusion with respect to cellular site of action.
Previous reports in the literature indicate that AT1 receptor antagonism might play a role in reducing the extent of ischemic injury and improving outcome in a stroke animal model. 14, 36 This study is the first to investigate the effects of selective AT1 and AT2 receptor antagonism on cerebral hemodynamics after brain injury.
In conclusion, the results of this study indicate that activation of the AT1 receptor subtype contributes to cerebral hypoperfusion and impairment of hypotensive cerebral autoregulation observed in the newborn pig after brain injury. These effects of brain injury could be partially ameliorated by pretreatment with AT1 but not AT2 subtype-selective blockade in the newborn pig. Therefore, these results suggest selective AT1 blockade as a potential strategy in the treatment of cerebral hemodynamic dysregulation caused by TBI.
